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ABSTRACT
We present new eclipse observations for one of the hottest “hot Jupiters” WASP-
18b, for which previously published data from HST WFC3 and Spitzer have led to
radically conflicting conclusions about the composition of this planet’s atmosphere.
We measure eclipse depths of 0.15± 0.02% at Ks and 0.07± 0.01% at z′ bands. Using
the VSTAR line-by-line radiative transfer code and both these new observations with
previously published data, we derive a new model of the planetary atmosphere. We
have varied both the metallicity and C/O ratio in our modelling, and find no need for
the extreme metallicity suggested by Sheppard et al. (2017). Our best fitting models
slightly underestimate the emission at z′ band and overestimate the observed flux at
Ks-band. To explain these discrepancies, we examine the impact on the planetary
emission spectrum of the presence of several types of hazes which could form on
the night-side of the planet. Our Ks band eclipse flux measurement is lower than
expected from clear atmosphere models and this could be explained by a haze particles
larger than 0.2µm with the optical properties of Al2O3, CaTiO3 or MgSiO3. We
find that z′ band measurements are important for understanding the contribution of
photochemical hazes with particles smaller than 0.1µm at the top of the atmosphere.
Key words: planets and satellites: atmospheres; planets and satellites: occultations,
individual: WASP-18b
1 INTRODUCTION
WASP-18b is a massive, hot Jupiter in a very short-period
orbit around an F6V star (Hellier et al., 2009). Although a
handful of planetary systems with orbital periods of under
a day are known, WASP-18b is the only high-mass example
(i.e. more than 10 Jupiter masses) of such a system. This
makes it a good candidate for study of potentially expected
strong tidal interactions with the parent star (Wilkins et al.,
2017). Such interactions should lead to mass loss and orbital
instability, resulting in a relatively short life span of the
planet. Indeed, the shortening of its orbital period may be
detectable within just a few years.
? NASA Hubble Fellow
WASP-18b’s very strong stellar irradiation is also ex-
pected to influence its atmospheric structure leading to an
inverted thermal profile with high stratospheric tempera-
tures (Fortney et al., 2008) – a mechanism that may con-
tribute to the observed inflated radii of many hot Jupiters
(Baraffe, Chabrier & Barman, 2010). Models of the plane-
tary spectrum for WASP-18b (Nymeyer et al., 2011) show
a slightly better fit to the planet’s day-side spectrum for at-
mosphere profiles with temperature inversion as a function
of pressure, compared to models without such an inversion.
WASP-18b was discovered as a primary transiting sys-
tem, and its orbital properties have been characterised by
Southworth et al. (2009) from monitoring observations in
the V band at the 1.5m Danish Telescope at ESO’s La Silla
Observatory. The first observations of the WASP-18b’s sec-
c© 2015 RAS
ar
X
iv
:1
81
2.
10
62
3v
1 
 [a
str
o-
ph
.E
P]
  2
7 D
ec
 20
18
2 L. Kedziora-Chudczer et al.
ondary eclipses were obtained with the IRAC camera on
the Spitzer telescope (Nymeyer et al., 2011)., with bright-
ness temperatures in the four spectral channels of IRAC
(3.6, 4.5, 5.8, 8.0µm) above 3000 K making WASP-18b one
of the most irradiated hot Jupiters.
New HST observations with the Wide Field Camera
(WFC3) have been published independently by both Shep-
pard et al. (2017) and Arcangeli et al. (2018). The models of
atmospheric composition derived by these studies, however,
are radically different, requiring either extremely high metal-
licities of C/H = 283S and C/O = 1 (Sheppard et al.,
2017), or Solar values for both parameters (Arcangeli et al.,
2018). It is worth noting the latter group considered a more
sophisticated model that included opacity sources due to
thermal ionisation and dissociation of atmospheric species
that are important at high temperatures (Parmentier et al.,
2018).
The modelling of exoplanetary atmospheres remains
challenging. Currently it is impossible to acquire simulta-
neous data across a wide spectral range, and this, in turn,
makes it impossible to resolve many model degeneracies. For
example, a time-dependent radiative transfer model (Iro &
Maxted, 2013) proposed to examine heat transfer efficiency
in WASP-18b shows differences in spectra observed at differ-
ent phases when compared with static averaged models. The
planetary rotation period, often difficult to estimate, will in-
fluence the speed of equatorial winds and these transfer heat
from the sub-stellar (i.e. star-facing) region. This will tend
to level out the planetary fluxes measured in different orbital
phases.
In addition most atmospheric retrieval models for hot
Jupiters is done using simplified chemical assumptions that
ignore photochemical processes (like the photodissociation
of water), which may change the expected levels of molec-
ular absorption of H2O in observed spectra (Kopparapu,
Kasting & Zahnle, 2012). Further complexity in modelling
of such atmospheres is the suggested presence of hazes or
clouds that appear to fit the observed transit data (the best
known example of which is HD 189733b – McCullough et al.,
2014; Pont et al., 2013). The types of hazes that could form
at the top layers of a hot Jupiter’s atmosphere are discussed
by Marley et al. (2013) and Sing et al. (2016). Models that
include hazes in the radiative transfer solutions, require the
availability of optical property data for the refractory par-
ticles that could survive in such hot atmospheres. For the
hottest hot Jupiters (like WASP-18b) the condensation tem-
perature of the most refractory chemicals are lower than the
blackbody temperature of the planet. Therefore it is not
clear if any clouds or hazes can be formed and long-lived in
the planetary atmosphere of WASP-18b. Modelling by Par-
mentier et al. (2016) suggest that a fraction of the planet’s
day side, along the western terminator could remain cov-
ered by condensate clouds even in high equilibrium temper-
atures. Similarly the results of the 3-D dynamical models for
other highly irradiated, hot Jupiter, WASP-121b (Kempton,
Bean & Parmentier, 2017) suggest that any condensation
that would occur on the dark side of the planet would be
destroyed relatively quickly during circulation toward the
sub-stellar regions of the atmosphere, however the photo-
chemical hazes formed on the day side could be transported
and survive in all regions of the planet.
Here we examine models with (potentially transient)
hazes of different composition and opacity. The models are
constrained by our new observations of WASP-18b eclipses
at Ks and z
′ bands, which attempt to fill in the gaps in pre-
viously observed spectral regions (Section 2). We improve
these constraints for the modelled spectra by combining our
data with previously published observations. Accurate Ks
and z′ band depths extend the coverage of emission spec-
trum on both sides of the range accessible to the WFC3
camera. Both measurements can provide a signature of the
presence of condensate clouds and photochemical hazes in
the atmosphere, as discussed later. Furthermore, observa-
tions in these two bands can be particularly useful in the
statistical studies on hot Jupiters, when the distribution of
Ks and z
′ band observations for similar planets, becomes a
useful guide to promote in-depth characterisation by space-
based facilities.
In Section 4.1 we derive the best fitting model of the
emission spectrum with the Versatile Software for Transfer
of Atmospheric Radiation (VSTAR) (Bailey & Kedziora-
Chudczer, 2012). Our atmosphere model includes many
opacity sources omitted in Sheppard et al. (2017). Finally
we focus our discussion on the different types of hazes that
could be present, at least intermittently, in the atmosphere
of WASP-18b. We model the emission spectrum with the
addition of hazes with different optical depths and particle
sizes to examine features in different parts of the mid- and
far-infrared spectrum (Section4.2) that will be soon acces-
sible to observations with the James Webb Space Telescope
(JWST).
2 OBSERVATIONS AND ANALYSIS
We obtained a series of secondary eclipse observations of
WASP-18b at multiple near-infrared wavelengths, including
4 epochs of z′ band eclipses from the Las Cumbres Obser-
vatory Global Telescope (LCOGT) 1 m network, 1 epoch of
z′ band data from the 6.5 m Magellan Clay telescope at Las
Campanas Observatory (LCO), and 2 epochs of Ks band
eclipses from the 3.9 m Anglo-Australian Telescope (AAT).
We also observed 2 epochs of r′ band primary transits with
LCOGT used in the analysis discussed below. The observa-
tions are summarised in Table 1.
Primary transits were observed on 2015-11-11 (partial)
and 2015-11-12 (full) with the LCOGT 1 m network, from
Cerro Tololo Inter-American Observatory (CTIO), Chile.
The observations were obtained with the 4K × 4K Sinistro
cameras, using a Fairchild CCD-486 back-illuminated detec-
tor with a field of view of 26′× 26′ at 0.389′′/pixel. The ob-
servations were performed in the r′ photometric band with
exposure times of 10 s. In each case, the telescope was highly
defocused, yielding point-spread-functions with full width at
half maxima of 30-40 pixels. The primary transit light curves
are shown in Figure 1.
Four full secondary eclipses WASP-18b were also ob-
served with the 1 m LCOGT telescope at CTIO in the z′
band with the Sinistro cameras, on 2015-11-02, 2015-11-04,
2015-11-19 and 2015-11-20. As for the primary transit ob-
servations, the eclipse sequences were performed with the
telescope defocused, but with longer exposure times of 40 s.
Bias subtraction and flat fielding were performed auto-
matically by the LCOGT pipeline, and photometry of the
c© 2015 RAS, MNRAS 000, 1–14
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Table 1. Table of the observations
Facility Date Type band Number Cadence Exposure Median
(UT) of Exps (s) Time (s) FWHM (pix)
AAT+IRIS2 2014-09-05 Secondary Ks 95 120a 5 19
AAT+IRIS2 2015-09-27 Secondary Ks 3832 2.6 2 7
LCOGT 1 m+Sinistro (CTIO) 2015-11-02 Secondary z′ 201 79 40 38
LCOGT 1 m+Sinistro (CTIO) 2015-11-04 Secondary z′ 163 79 40 27
LCOGT 1 m+Sinistro (CTIO) 2015-11-11 Primary r′ 185 49 10 37
LCOGT 1 m+Sinistro (CTIO) 2015-11-12 Primary r′ 260 49 10 53
LCOGT 1 m+Sinistro (CTIO) 2015-11-19 Secondary z′ 202 79 40 37
LCOGT 1 m+Sinistro (CTIO) 2015-11-20 Secondary z′ 158 79 40 53
Magellan+LDSS3 2016-09-17 Secondary z′ 431 45 10 220
20× 5s exposures are averaged and used for analysis. Individual exposures were not saved. Observation presented in Zhou et al. (2015).
target star and selected reference stars were extracted from
these frames. First, we solve for the astrometric solution of
each frame to derive the centroids of extraction. Aperture
photometry is then performed using the fitsh package (Pa´l,
2012) over six fixed aperture sizes. The background flux is
estimated by the median flux within an annulus surrounding
the photometric aperture.
One additional z′ band secondary eclipse was observed
with the 6.5 m Magellan Clay telescope at LCO on 2016-09-
17 with the Low Dispersion Survey Spectrograph 3 (LDSS3)
instrument. LDSS3 uses a S3-171 2K×4K red-sensitive de-
tector, with a circular field-of-view of 6′.4 in diameter and a
pixel scale of 0.189′′ pixel−1. A total of 431 observations were
obtained with a 10 s exposure time and the target severely
defocused to a full width half maximum of ∼ 200 pixels.
The observations were bias subtracted, and then flat fielded
with twilight sky frames. Photometry from target and ref-
erence stars are extracted using fitsh, as for the LCOGT
observations. The z′ band secondary eclipses from LCOGT
and LSDSS3 are shown in Figure 2.
Near-infrared secondary eclipses were observed with the
IRIS2 camera on the 3.9 m AAT, at Siding Spring Observa-
tory, Australia. IRIS2 is a 1K×1K infrared camera employ-
ing a HAWAII-1 HgCdTe infrared detector with four readout
quadrants, and records in double-read mode. The IRIS2 in-
stalled on the AAT yields a 7′.7 × 7′.7 field of view and a
plate scale of 0.4488′′ pixel−1.
The observing strategy and data reduction for the IRIS2
observations are laid out in Zhou et al. (2014) and Zhou et al.
(2015). Each eclipse sequence is observed in guided “stare”
mode. The observer checks for tracking drifts in the science
frames every ∼ 10 minutes by solving the astrometry, and
inputs manual tracking adjustments as necessary. As a re-
sult, the centroid of the target star remains on the same pixel
throughout each observation sequence. Dark subtraction is
performed on each science exposure. A master sky frame is
assembled from sets of offset exposures that bracket each ex-
posure sequence, and this is used to provide a flat-field for
the science frames. Aperture photometry for the target star
and selected reference stars is then performed on the reduced
frames following the same procedure as for LCOGT obser-
vations. The IRIS2 Ks band secondary eclipses are shown
in Figure 3.
3 LIGHT CURVE ANALYSIS AND
MODELLING
3.1 Global fit
We perform a global fit of all our observations, including the
LCOGT primary transits, as well as LCOGT and Magellan
z′ band and AAT+IRIS2 Ks band secondary eclipses data.
The light curve modelling process largely follows that de-
scribed in Zhou et al. (2014) and Zhou et al. (2015). The
transits and eclipse are modelled with the JKTEBOP (Pop-
per & Etzel, 1981; Southworth, Maxted & Smalley, 2004)
implementation of the EBOP model (Nelson & Davis, 1972).
The free parameters governing the transit geometry are the
planet-star radius ratio Rp/R?, normalised orbital distance
(Rp+R?)/a, inclination i, orbital period P and transit centre
timing T0. The parameters governing the secondary eclipse
are the surface brightness ratios Sp/S? and the eccentricity
parameter e cosω (which dictates the phase of the eclipse).
In addition, we allow for simultaneous de-trending of
the light curve against a combination of the external pa-
rameters: target star pixel position (X, Y ) , airmass a,
background flux b, target star FWHM f , and a linear time
trend t. The combination of external parameters for each
data set is determined from independent fits to each indi-
vidual data set that minimise the Bayesian Information Cri-
terion (BIC) of the model (see Section 3.2). This allows us
to model systematic trends in the light curve due to atmo-
spheric and instrumental variations. To account for under-
estimated per-point photometric uncertainties in the light
curves, we also include a separate photometric jitter term
to each light curve, such that the log likelihood lnL is cal-
culate as,
lnL = −n
2
ln(2pi)− 1
2
χ2 − 1
2
i=n∑
i=0
ln(σ2lc + s
2
lc) , (1)
where n is the number of points per light curve, σlc is the
photometric per point uncertainty, and slc is the photomet-
ric jitter term.
c© 2015 RAS, MNRAS 000, 1–14
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Figure 1. The LCOGT 1 m r band primary transits of WASP-18b. The top left panel shows light curves before de-trending for each
observation, binned at 0.005 in phase. The uncertainties indicate the standard deviation of the points within each bin, scaled by the
square root of the number of points in the bin. Successive light curves are offset arbitrarily by 0.005 in flux for clarity. The red line shows
the best fit model (transit and instrumental). The top right panel shows each light curve after simultaneous de-trending after the global
fit. The best fit transit model is plotted in red. The bottom panel shows the combined de-trended light curve.
These parameters and associated uncertainties are ex-
plored via an Markov-chain Monte Carlo analysis, using the
emcee Affine Invariant Ensemble sampler (Foreman-Mackey
et al., 2013). Tight Gaussian priors are placed on the transit
parameters Rp/R?, (Rp + R?)/a, i, P , and T0 from litera-
ture system values (Southworth et al., 2009). The derived
parameters are presented in Table 2.
3.2 Independent analysis of each eclipse dataset
We also fit each of the eclipse data sets independently to
check for self-consistency in our observations. The light
curve fitting procedure is similar to that described in Sec-
tion 3.1 and Zhou et al. (2015). The eclipse is modelled
with the JKTEBOP (Popper & Etzel, 1981; Southworth,
Maxted & Smalley, 2004) implementation of the Nelson &
Davis (1972) model. In each case, the free parameters are
the surface brightness ratios Sp/S? and the eccentricity pa-
rameter e cosw that governs the phase of the eclipse. In
order to propagate the uncertainties of the planet param-
eters, the transit geometry parameters are also included in
the analysis, including planet-star radius ratio Rp/R?, nor-
malised orbital distance (Rp + R?)/a, inclination i, orbital
period P , and transit centre timing T0, but constrained by
tight Gaussian priors based on their literature values (South-
worth et al., 2009). In addition, we allow for simultaneous
de-trending any combination of the external parameters X,
Y target star pixel position, airmass a, background flux b,
target star FWHM f , and a linear time trend t.
To choose the right set of de-trending models, we min-
imise the BIC for the best fit parameters. For the 2014-09-25
AAT Ks data set, the eclipse depth is larger if the airmass
term is not included in the model (which yields a smaller
BIC). We find no large dependence between eclipse depth
and de-trending model selection for all other datasets. The
derived parameters for each eclipse data set from the inde-
pendent analysis are presented in Table 3.
Tidal decay of the orbital period has been predicted for
short period Jovian planets (e.g. Maciejewski et al., 2016).
Birkby et al. (2014) predicted the orbital period of WASP-
18b should shorten by ∼ 6 minutes over a 10 year timescale,
whilst recent refinements of the transit ephemeris by Wilkins
et al. (2017) failed to find any convincing evidence of or-
bital decay. We make use of our LCOGT primary transits
to search for evidence of tidal decay in WASP-18b. We inde-
pendently fit for the primary transits from LCOGT via the
Mandel & Agol (2002) model, with a fixed orbital period
adopted from Southworth et al. (2009), and derive a transit
centroid time of TDB− BJD = 2457338.63043 ± 0.00040.
The transit time is consistent with a linear propagation of
the ephemeris from Southworth et al. (2009), and with no
appreciable orbital decay.
4 PLANETARY ATMOSPHERE MODELLING
WASP-18b is separated by only 0.02047 AU from its F-
type host star with Teff = 6368 K (Torres et al., 2012),
c© 2015 RAS, MNRAS 000, 1–14
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Figure 2. Four LCOGT 1 m z′ band secondary eclipses were obtained between 2015-11-02 and 2015-11-20. An additional z′ band full
eclipse was obtained with Magellan LDSS3 on 2016-09-17. The plot formats are as per Figure 1.
which gives a predicted average equilibrium temperature for
the planet of just Teq = 2410 K. Dayside observations ob-
tained by Nymeyer et al. (2011) with the IRAC camera
on Spitzer, however, are broadly consistent with a black-
body spectrum of Trad = 3200 K, which is well above the
temperature derived from the expected average dayside in-
solation. This suggests that majority of the radiation we
observe from the planet is received from a region near the
sub-stellar point, with a limited (or even absent) energy re-
distribution (Mollie`re et al., 2017). The lack of significant
offset (within 10o error margin) between maximum in the
thermal phase curve and the time of mid-eclipse in the mea-
surement of phase curve amplitude from the full orbit at 3.6
and 4.5µm (Maxted et al., 2013) also supports the idea of
very inefficient redistribution of heat and a low albedo for
the planetary atmosphere.
In hot Jupiters, CO and H2O molecules are expected to
be the primary sources of atmospheric opacity as revealed
by prominent absorption features in infrared spectra. The
4.5µm band coincides with strong CO absorption, but the
IRAC data in this band for WASP-18b appears to be ex-
cessive when compared with the flux measured with other
IRAC channels. This was recognised as a possibly reveal-
ing the existence of a thermal inversion in the atmosphere
of WASP-18b. Thermal inversions had previously been pro-
posed to exist in the atmospheres of the hottest of hot-
Jupiters (e.g. HD 209458b, Burrows et al., 2007). The na-
ture of the absorbers causing such inversions is still debated,
with TiO and VO proposed by Fortney et al. (2006) and the
sulphuric products of photochemistry suggested by Zahnle
et al. (2009). The relatively low level of stellar activity in the
WASP-18 host star suggests that any inversion layer formed
in the planetary atmosphere will not be easily destroyed by a
high intensity stellar UV flux (Knutson, Howard & Isaacson,
2010).
However, the observational uncertainties of the Spitzer
c© 2015 RAS, MNRAS 000, 1–14
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Figure 3. Two Ks band secondary eclipses of WASP-18b were obtained by AAT+IRIS2 on 2014-09-05 and 2015-09-27. The plot formats
are as per Figure 1.
data permit a reasonably good fit to the spectrum with
an atmospheric profile that did not include an inversion,
but instead a very gradual increase in temperature with in-
creasing pressure and resulted in shallow absorption features
(Nymeyer et al., 2011). Such a model requires a significantly
different chemical composition of the atmosphere. Indeed
Madhusudhan (2012) showed that atmospheres without re-
quiring inversion and C/O ratios above Solar can yield spec-
tra with very shallow absorption features of oxygen-bearing
species like water, as well as strong absorption bands of CO,
that fit the spectra of many hot Jupiters. For WASP-18b,
the model without inversion predicts rather higher fluxes ob-
served in the near-infrared, which were found to be inconsis-
tent with recently published observations from HST/WFC3
(Arcangeli et al., 2018; Sheppard et al., 2017) over the spec-
tral range 1.12-1.65µm. Our observations extend the cover-
age of near-infrared spectroscopy for WASP-18b from below
1µm to 2.1µm.
4.1 VSTAR atmosphere models
We used the line-by-line radiative-transfer code VSTAR
(Bailey & Kedziora-Chudczer, 2012) to obtain an indepen-
dent fit to combined WASP-18b spectral data by testing
a wide range of atmospheric pressure and temperature (P-
T) profiles, both with, and without, inversions. We created
plane-parallel atmosphere models with 44 layers, and de-
rived the atmospheric composition for each layer using the
Ionization and Chemical Equilibrium (ICE) package of VS-
TAR under the assumption of thermochemical equilibrium
and an assumed metallicity and the C/O ratio for the atmo-
sphere. This package accesses a database of 143 compounds
in gaseous and condensate phases to derive the abundances
of chemical ingredients in terms of mixing ratios for speci-
fied molecules that are likely to exist in atmospheres of hot
Jupiters. We included the line absorption of 16 molecular
and atomic species in the atmosphere of WASP-18b: H2O,
CO, CH4, CO2, C2H2, HCN, TiO, VO, Na, K, Rb, Cs, CaH,
c© 2015 RAS, MNRAS 000, 1–14
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Table 2. Global fitting parameters including photometric jitter
terms
Parameter Value
MCMC jump parameters
Period (d) 0.94145180 (45)
T0 (BJD-TDB) 2455084.7948± 0.0011
(Rp +R?)/a 0.3049± 0.0058
Rp/R? 0.09868± 0.00093
i (◦) 85.6± 1.1
e cosω 0.0002± 0.0016
Sp/S? z′-band 0.070± 0.010
Sp/S? Ks-band 0.153± 0.015
sAAT Ks 20140905 0.00108± 0.00011
sAAT Ks 20150927 0.00409± 0.00051
sLCO z′ 20151102 0.00145± 0.00082
sLCO z′ 20151104 0.00140± 0.00093
sLCO z′ 20151111Primary 0.00290± 0.00016
sLCO z′ 20151112Primary 0.00201± 0.00097
sLCO z′ 20151119 0.00135± 0.00080
sLCO z′ 20151120 0.00130± 0.00088
sMagellan z′ 20151120 0.00116± 0.00043
Derived eclipse depths
Fp/F? z′-band (%) 0.0682± 0.0099
Fp/F? Ks-band (%) 0.149± 0.014
CrH, MgH, and FeH. The chemical model includes the ther-
mal dissociation of species such as H2O and H2 in the upper
atmosphere, which was shown by Parmentier et al. (2018)
to be an important effect in ultra hot Jupiters.
Following a procedure described in Zhou et al. (2014) we
perform multiple-scattering, radiative-transfer calculations
for each layer of the atmosphere on a grid of wave num-
bers with a specified spectral resolution. A final spectrum is
formed by calculating opacity due to molecules and atomic
species listed in the comprehensive data base of spectral lines
(Bailey & Kedziora-Chudczer, 2012). Additional sources of
opacity included in the model are Rayleigh scattering by H,
He and H2 in the atmosphere, collisionally induced absorp-
tion due to H2-H2 and H2-He and the free-free and bound-
free absorption from H, H− and H−2 . The references for the
database of absorbers used in our models are listed in Table
2 of Zhou et al. (2013). The spectrum of the WASP-18 star is
derived from the STScI stellar atmosphere models (Castelli
& Kurucz, 2004).
As mentioned previously the modelling of HST/WFC3
observations led to two different interpretations of atmo-
spheric structure and composition as presented by Arcan-
geli et al. (2018) and Sheppard et al. (2017). Although both
models require strong thermal inversion in the upper atmo-
sphere, Sheppard et al. (2017) needed a strong reduction in
temperature at 1 bar to explain the presumed observation of
CO in absorption at 1.6µm and in emission at 4.5µm. Most
strikingly their model also requires an unusually high metal-
licity for C (C/H = 283× [C/H]) with an enhanced C/O
ratio compared to Solar. It is not clear how such a high
Figure 4. The emission spectra of WASP-18b modelled with the
VSTAR code as described in Section 4.1 (colour-coded). Best-
fitting model with C/O=0.54 and Solar metallicity required in-
version in top of the atmosphere (in magenta). Models that used
P-T profiles from Arcangeli et al. (2018) (in cyan) and Sheppard
et al. (2017) (in red). Yellow data points are reproduced from the
Arcangeli et al. (2018)
discrepancy between the planetary and stellar metallicity
(Torres et al., 2012) could be achieved in the evolutionary
scenario of WASP-18b.
We tested a variety of simplified pressure-temperature
(P-T) profiles, both with and without inversion, and could
not fit simultaneously the anomalous Spitzer data point
observed at 4.5µm and the Ks-band observations. A χ2-
minimisation was used to fit simultaneously both the previ-
ously published data from IRAC/Spitzer, WFC3/HST and
our new data presented here. We found a best-fit model with
an inversion in the P-T profile at the level of 0.9 bar, assum-
ing Solar metallicity and a Solar C/O ratio. This fit is a
reasonable match to observations below the Ks-band, but
is less so for the Spitzer data in the far-infrared that include
the anomalously high flux observed at 4.5µm. However our
fit does provides a match for all four Spitzer data points
within their 1-sigma measurement uncertainties. We also
tested models with C/O ratios between 0.4 and 1.0 while
varying atmospheric profiles, and found that the best fitting
models matching data in one specific region of the spectrum,
would produce discrepancies in other parts of the spectrum
with no significant improvement in χ2. Clearly more data is
needed to resolve this degeneracy in the models. Since we
found no compelling reason for a C/O ratio different from
Solar , we consider only such a model (presented in Figure 4)
in our further discussion.
In Figure 4, two other models are shown derived using
the P-T profiles of Arcangeli et al. (2018) and Sheppard et al.
(2017). Here we assumed the metallicity and C/O ratios
published by both these groups. The difference in our ap-
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Table 3. Best fit parameters from independent analyses of each transit
Period (d) T0 (BJD-TDB) (Rp + R?)/a Rp/R? inc (
◦) e cosω Sp/S? Detrending
parameters
AAT Ks 20140905 0.9414519 (4) 2455084.79293 (9) 0.302± 0.009 0.097± 0.001 84± 2 0.004± 0.005 0.14± 0.03 t
AAT Ks 20150927 0.9414519 (4) 2455084.79293 (9) 0.311± 0.007 0.097± 0.001 86± 1 0.004± 0.003 0.17± 0.02 t, y
LCOGT Z 20151102 0.9414518 (4) 2455084.79293 (9) 0.306± 0.009 0.097± 0.001 85± 2 −0.004± 0.03 0.07± 0.03 t
LCOGT Z 20151104 0.9414518 (5) 2455084.79292 (9) 0.304± 0.009 0.097± 0.001 85± 2 −0.001± 0.006 0.06± 0.03 t
LCOGT Z 20151119 0.9414518 (4) 2455084.79293 (9) 0.306± 0.009 0.097± 0.001 85± 2 −0.03± 0.05 0.03± 0.03 t
LCOGT Z 20151120 0.9414518 (4) 2455084.79294 (9) 0.307± 0.009 0.097± 0.001 85± 2 −0.01+0.05−0.02 0.05± 0.05 t
Magellan Z 20160917 0.9414518 (4) 2455084.79293 (8) 0.298± 0.008 0.097± 0.001 83± 1 −0.003± 0.002 0.143± 0.005 t, f
proach was to derive atmospheric composition using the ICE
package for the 16 atmospheric constituents and the same
opacity sources as used in our best fitting model. In this way
we allow for variation of mixing ratios of atmospheric species
as a function of pressure in these two models, which makes a
comparison of all these models more meaningful. The result-
ing spectrum with the P-T profile, high metallicity and C/O
ratio from Sheppard et al. (2017) underestimates the flux
measured within the HST/WFC3 range. While this model
provides a better fit at 4.5µm and to the Ks-band data from
the AAT, our model is statistically more consistent with the
results from Arcangeli et al. (2018) including a marginally
better agreement with our observations in z′-band. This is
to be expected since both our models used a more complete
set of opacity sources and assume Solar metallicity.
Both papers present slightly different analyses and re-
sulting data from the same HST observations. Perhaps not
surprisingly we find that the Arcangeli et al. (2018) model
(which was constructed using just the shorter wavelength
range of the HST data) produces a slightly better fit than
our model, if we calculate χ2 over just this limited short
wavelength range. However our model represents a better
fit when the full extent of the HST data from Sheppard
et al. (2017) is considered. Although our P-T profiles are
similar at pressures below 0.1 bar, we require significantly
lower temperatures in the range between 0.1 and 1 bar to
deliver a better agreement with our flux measurement in the
Ks-band. Our best fitting model requires also much higher
temperatures at the top of the atmosphere for a closer match
to the 4.5µm Spitzer data point.
4.2 VSTAR Models with haze opacity
The observed spectra of exoplanets can be strongly affected
by both scattering and absorption due to the presence of
condensates in their atmospheres. Formation of hazes and
clouds has been suggested to explain transit data for hot
Jupiters that show almost featureless spectra with absorp-
tion increasing towards blue in the visible, masking the ex-
pected absorption from alkali metals and molecular bands.
This absorption exceeds that expected from Rayleigh scat-
tering in clear atmospheres (e.g. in HD 189733b, Pont et al.,
2008, 2013).
Sing et al. (2016) analysed transmission spectra of a
large sample of hot Jupiters and found them exhibiting a
wide range of diverse atmospheres from clear to cloudy. One
recognised effect of hazes formed at the top of the atmo-
sphere in transmission spectra is a reduction in the depth of
any features due to atomic and molecular absorption.
On the other hand, secondary eclipse spectra are a com-
bination of both reflected light and planetary thermal emis-
sion. The presence of clouds and/or hazes can manifest it-
self as an increase in the planetary albedo at visible and
near-infrared wavelengths (Sudarsky, Burrows & Hubeny,
2003). Currently measured albedos for all hot Jupiters (De-
mory et al., 2011; Bailey, 2014) appear to be low (with a
notable exception of Kepler-7 b). Theoretical considerations
also suggest that a high stellar irradiation could prevent a
planet from forming clouds similar to these which cause high
albedos of the Solar system planets. Only the most refrac-
tory species with the highest condensation temperatures –
e.g. corundum (Al2O3), iron (Fe) and enstitate (MgSiO3)
along with few other molecules – could form clouds in the
upper layers of such hot atmospheres. Such condensates have
also been suggested as responsible for dust formation in the
atmospheres of L-type brown dwarfs Morley et al. (2014).
Particles that form clouds or hazes absorb in different
parts of the spectrum, but most typically in the mid-infrared
where the molecular vibrational modes are present. These
absorption features depend on the optical properties, size,
distribution, shape and opacities of the cloud or haze.
We calculated these reflection and absorption effects in
the emission spectra for four selected types of condensate
in the atmosphere of WASP-18b (Figures 5, 7, 8 and 6).
Currently there are no known species that condense at the
temperatures derived for the substellar point of this planet’s
atmosphere, especially if the presence of thermal inversion
is required at pressures lower than 0.1 bar. However signif-
icantly lower temperatures are predicted for the night side
of WASP-18b in the time dependent radiative transfer solu-
tions of Iro & Maxted (2013). They derive thermal profiles,
which show up to a 50% difference in temperature at 0.1
bar between the night- and day-sides. It is not inconceivable
that condensation occurs in cooler, night-side temperatures
and that clouds are distributed via atmospheric circulation
beyond the terminator (Showman & Polvani, 2011; Show-
man, Lewis & Fortney, 2015), where they gradually evapo-
rate. Any hazes formed via photochemical processes could
potentially persist in hotter conditions of the dayside. All
this could lead to dynamic and possibly highly variable con-
ditions in the atmosphere of an (at least partially) cloud-
covered planet. Parmentier et al. (2016) estimates the effec-
tive cloud coverage at the dayside for the most refractory
condensates suggested for hot Jupiters in the temperature
range between 1000 to 2200 K. We considered the top four
species discussed in that paper, for which the effective cloud
coverage at the dayside was above 0.1 at the highest tem-
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peratures modelled there (see Figure 13 in Parmentier et al.,
2016).
In the models presented here we placed a hypothetical
haze at a pressure of 0.1 mbar, and varied its optical depth
at 1.0µm, and the mean size of its particles using a power
law distribution with an effective variance of veff = 0.02.
The VSTAR code calculations of the emergent fluxes are cal-
culated using Mie theory applied to spherically symmetric
particles (Mishchenko, Travis & Lacis, 2002). To calculate
models for different cloud molecules, we used the complex
refractive indices provided in Kitzmann & Heng (2018) and
Wakeford & Sing (2015). In the panels of Figures 5, 6, 7 and
8 the emission spectra for ten different sizes of cloud parti-
cles between < r > = 0.01 and 2.86µm are presented. Each
panel shows 15 colour-coded spectra calculated with differ-
ent optical depths of the cloud between τ=0.001 (in green)
to 1 (blue).1 By examining all four plots it is immediately
apparent that observations in the near-infrared (like those
taken with HST) are relatively insensitive to the presence
of any clouds within investigated range of parameters for
optical depth and particle size.
Figure 5 shows impact on emission spectra of the pres-
ence of Al2O3 clouds. As expected, modelled spectra show
increased reflectivity that extends well into the near-infrared
region for the smallest particles. Absorption features ex-
tending across the mid-infrared, and increasing with opac-
ity of the cloud, seems to be the most significant impact
of Al2O3 clouds on these emission spectra. New observa-
tions, at higher precision than current Spitzer data, in this
region could potentially discern between optically thin and
optically thick Al2O3 clouds. The currently available data fit
best to models of the former case. It is worth noting that the
presence of optically thick cloud could be helpful in explain-
ing the lower observed flux in the Ks band and increased
emission in z′ band compared with that predicted by clear
atmosphere models. We also included models for spectra af-
fected by clouds of perovskie (CaTiO3) which show a char-
acteristic absorption structure in the far-infrared region for
large particles and high opacities, while increasing reflectiv-
ity of the planet in the visible spectrum for small particles
(Figure 6). Iron condensates affect the spectra in a manner
similar to Al2O3 clouds for the smallest particles (Figure 7).
While the increased optical depth causes much deeper ab-
sorption in the mid- and far-infrared region, and increased
reflectivity in z′ band region, it leaves Ks band largely unaf-
fected. Modelled spectra with clouds composed of enstatite
particles with mean sizes larger than 0.5µm (Figure 8) show
broad absorption features in the same regions of the near-
and mid-infrared as seen for Al2O3 clouds.
We find the emission in z′-band to be sensitive to the
increased opacity of hazes made from the particles smaller
than 0.15µm. The z′-band seems to be of limited value as
a diagnostic of cloudiness in the planet as both increased
opacity and increased particle size affects that region only
1 The colour scheme is applied as follows. We plot 3 spectra in
each colour: green, magenta, cyan, red and blue with progressively
higher optical depths. So the green spectra correspond to low
optical depths, while magenta, cyan, red - to increasingly higher
optical depths, and blue spectra represent the highest values.
slightly in comparison to the near- and mid-infrared spectra.
5 DISCUSSION
Currently available data for the hot Jupiter WASP-18b, are
not sufficient to derive a unique model for its atmosphere
and to resolve degeneracies that arise when we attempt to
model too many unknown parameters, such as the detailed
thermal profile, chemical composition and the structure of
condensates. Our cloudy models are derived for a simple, one
layer cloud using a single, specific temperature profile of the
atmosphere with Solar metallicity and C/O ratio, without
addressing any non-equilibrium processes that could have
effects on the atmospheric composition and chemistry (for
example on the abundance of CO and CH4). We have not
discussed formation processes for such clouds, which can be
reviewed in Marley et al. (2013). We have also neglected the
feedback of cloud formation on the P-T profile.
We present plausible models for the WASP-18b emis-
sion spectra with the opacities from clouds and hazes made
from some of the most refractory species. These are given as
the examples of effects that can make interpretation of data
challenging. We found that a model with inversion in the up-
per layers of the atmosphere fits best all the data currently
available. However the fact that these multi-wavelength ob-
servations were not obtained simultaneously makes any such
models flawed, if the variability due to changes in cloud
opacity or cloud cover are significant. It is still debated if
any condensates can survive in the atmosphere of objects
as hot as WASP-18b. One potentially viable location for the
formation of such clouds is the night side of the planet, where
temperatures are expected to drop significantly enough to
allow the condensation of the most refractory compounds
(such as corundum and solid iron). Any condensates would
have to be transported to the dayside of the planet by equa-
torial super-rotating winds developed in tidally locked hot
Jupiters (Showman & Polvani, 2011; Showman, Lewis &
Fortney, 2015).
The observation of planetary albedos can provide clues
as to the presence of any haze composed of small particles
(as has been implied for HD 189733b Pont et al., 2013). In
addition to phase curve measurements from Maxted et al.
(2013), our polarimetry observations with the High Preci-
sion Polarimeter (HIPPI) will provide independent limits on
the planetary albedo of WASP-18b (Bott et al. submitted
to AJ). As our models show, the most significant effect of
clouds on planetary emission spectra can be seen at mid- and
far-infrared wavelengths. This is a region which JWST will
make accessible. Two JWST instruments, NIRSPEC (0.6-
5µm) and MIRI (5-28µm), will be able to provide suitable
spectra with adjustable resolution. Mollie`re et al. (2017) es-
timate that just four repeated observations of WASP-18b
with NIRSPEC will be able to distinguish between very sim-
ilar spectra that require thermal inversion, as opposed to the
elevated C/O ratio in their model without clouds. Our ex-
amples show that the effects of clouds will make the analysis
of JWST data more complex, but that the simultaneous cov-
erage of mid- and far-infrared wavelengths will provide nec-
essary information to understand any potential variability of
the emission spectrum due to clouds. Partially cloudy mod-
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Figure 5. The emission spectra of WASP-18b modelled with the VSTAR code as described in Section 4.1 with an addition of the
haze with a complex refractive index of Al2O3 molecules at the top of the atmosphere. Models in each panel are derived for different
characteristic sizes of particles < r > (Section 4.2). There are 15 spectra in every panel each plotted with optical depth between τ=0.001
(green) to τ=1 (blue). The colour scheme is chosen such that the blue, red, cyan, magenta and green are ordered according to decreasing
τ . In each panel we also provided an expanded version of the spectra in the wavelength range between 0.8 and 2.2µm, scaled by a factor
of 3.
els have already been developed (Parmentier et al., 2016)
and the combination of eclipse data in the visible, together
with the improved spectral coverage from JWST, will be
crucial to understanding the composition and the dynamics
of atmospheres in the most irradiated planets.
6 CONCLUSIONS
We present new observations of WASP-18b eclipses and
transits with ground-based telescopes (the AAT, Magellan
and LCOGT) which complement previous observations from
c© 2015 RAS, MNRAS 000, 1–14
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Figure 6. The same as figure 5 but particles that form haze have a complex refractive index of perovskite molecules, CaTiO3.
space telescopes (HST and Spitzer). Previously published
models show that it has been a challenge to understand the
observed data with a consistent composition for the WASP-
18b atmosphere.
Our observations over a broadened near-infrared base-
line seem to overestimate emission at z′-band compared with
clear atmosphere models derived from the HST data, and
also to underestimate Ks-band emission expected in the
model of Arcangeli et al. (2018). On the other hand, we
also could not reproduce an exact match for the HST data
with the parameters published by Sheppard et al. (2017),
which is less problematic, because their model did not in-
clude important contributors to atmospheric opacity, such
as H− and the effects of water dissociation. We applied sim-
ple cloud models to our best fit model to show the possible
effects of varied cloud particle sizes and opacities in different
parts of the spectrum. It is plausible that the lower flux in
Ks-band could be a result of the absorbing, high altitude
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Figure 7. The same as figure 5 but particles that form haze have a complex refractive index of solid Fe.
haze composed of particles with relatively large sizes. Such
particles could be uplifted in the hot atmosphere, which is
expected to show vigorous mixing. Such clouds could also
explain increased reflectivity in the z′-band as seen in Fig-
ure 5.
Ground-based broadband observations can generally
act as precursors to more detailed characterisation by HST
and Spitzer, and understanding how they match with the
eventual space-based observations is key to placing these
precursors into context. For example the deep z′-band
eclipses of KELT-1b (Siverd et al., 2012) raised questions
on the heat redistribution on the brown dwarf, eventu-
ally leading to the a phase curve by Spitzer/IRAC (Beatty
et al., 2014, 2018). Given the current questions regarding the
longevity of HST and Spitzer, it is increasingly important
to use the benchmark systems like WASP-18b, to guide the
interpretation of future ground-based broadband secondary
eclipse observations.
c© 2015 RAS, MNRAS 000, 1–14
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Figure 8. The same as figure 5 but particles that form haze have a complex refractive index of enstatite molecules, MgSiO3.
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